We re-examine the wave function of two-dimensional massless Dirac electron in α-(BEDT-TTF)2I3 consisting of four molecules A, A', B and C in a unit cell, using a tight-binding model. We find zerolines in the Brillouin zone, on which the component of the wave function becomes zero for B or C sites. The zerolines, which are bounded by two Dirac points at ±k0 and pass through the M -or Y -points, result in a fact that the density of states of the B site exhibits no the Van Hove singularity near the energy of the Dirac points. By taking account of the on-site Coulomb interaction within the random phase approximation, we examine the spin fluctuation in order to investigate properties of the nuclear magnetic resonance for temperatures T > 50K. In the region for 100 < T < 300K, it is shown that the Knight sift for B-site monotonously decreases with decreasing temperature, owing to lack of the Van Hove singularity, while it shows a maximum for the other sites (A, A ′ and C sites). In the region for 50 < T < 100K, it is shown that the Knight sift is convex downward and the Korringa ratio increases with decreasing temperature for B-site. Such a behavior originates from the ferrimagnetic spin fluctuation related to the zerolines. These results are consistent with those of the nuclear magnetic resonance experiments.
I. INTRODUCTION
Molecular conductor α-(BEDT-TTF) 2 I 3 1 has highly two-dimensional electronic system in the plane of BEDT-TTF 1/2 molecule owing to layered structure with the plane of I − 3 anion, and has brought much interest by the variety of electronic states, such as a charge ordered state 2 , a superconducting state in the presence of charge ordering, and a zero gap state (ZGS) with a massless Dirac electron 3 . The charge ordered state was suggested theoretically using an extended Hubbard model [4] [5] [6] , and was confirmed by NMR experiment 7 . The superconducting state with the charge ordering under uniaxial pressure along the stacking axis (a-axis) 8 was also investigated theoretically using the extended Hubbard model 9 . A narrow gap state (NGS) was suggested to explain both anomalous increase of Hall coefficient and almost-constant resistivity with decreasing temperature at high pressures 10 . From the calculation of the NGS, it was obtained that the charge gap disappears at high pressure, leading to the density of state (DOS) vanishing linearly at the Fermi energy 11 . Furher, the ZGS with a Dirac cone in energy dispersion was found theoretically 12 using the transfer energies of ref. 13 , and was also confirmed by the first principle calculations 14, 15 . The energy spectrum near the Fermi energy exhibits two tilted Dirac cones, which are described by the tilted Weyl equation 16, 17 . The tilt of the Dirac cone has been confirmed by a comparison between the theoretical and experimental results for the temperature (T ) dependence of the Hall coefficient 18, 19 and the angular dependence of the magnetoresistance 19, 20 . From the calculation of the variation of the Dirac point, the emergence of a pair of massive Dirac points is predicted in the charge ordering state at low pressures 21 , the merging of two massless Dirac electrons is shown at extremely high pressures 16 , suggesting robustness of Dirac electrons against uniaxial pressures. Effects of electron correlation for long range Coulomb repulsion in the tilted Dirac electron system have been investigated theoretically in the absence of magnetic field 22, 23 and in the presence of magnetic field 24 . As for the short range part of Coulomb repulsion, on the other hand, effect of fluctuations in ZGS has not yet investigated theoretically in the context of inequivalence of BEDT-TTF sites (A = A ′ = B = C as shown in Fig. 1 ).
The property of the wave function plays important roles in the DOS and the electron-hole excitation in α-(BEDT-TTF) 2 I 3 . The anomalous behavior of the Bloch wave functions exists in the vicinity of the Dirac point. The momentum dependences of the velocity matrix and the charge density exhibit a singularity at the point. 16 The angular dependence of the wave functions for each site reveals a fact that the absolute value becomes zero for B site or C site at a special direction of the point 28 . The theoretical calculation of Knight shift K α and (1/T 1 T ) α 28 . has been performed based on a tightbinding model for α-(BEDT-TTF) 2 I 3 where K α ∝ T and (1/T 1 T ) α ∝ T 2 owing to the Dirac cone spectrum. The Knight shift for the respective site reveals a relation, K C > K A > K B , which is consistent with experimental results, 25 originates from both the tilt of Dirac cone and property of wave function in the vicinity of the Dirac point. Thus, the inequivalence of BEDT-TTF sites observed in NMR experiments reveals inner degree of freedom of Dirac electron in molecular conductors.
25-27
However, the tight binding model is not enough to explain the details, e.g, the non-linear temperature dependences of K α as shown in the following experiment. In high temperature region (T > 100K), the Knight shift K α with decreasing temperature monotonously decreases for α = B site, while it exhibits a maximum for α = A and C sites. In medium temperature region (50 < T < 100K), the Knight shift is convex downward with decreasing temperature for B site, while the components for A and C sites exhibit linear T -dependences.
25,27
For a local NMR relaxation rate 1/T 1 , the difference in (1/T 1 T ) α in α = A, B, and C sites, is small in low temperature region (T < 50K), i.e., all components are convex downward with T 2 -dependences for T < 100K. As a result, the Korringa ratio (1/T 1 T K 2 ) α for α = B site clearly increases with decreasing T in medium temperature region, and exhibits an inequality ( 
. In the present paper, we re-examine the wave function in α-(BEDT-TTF) 2 I 3 using a tight-binding model where the transfer integrals are given by the first principle calculation 14 , and calculate the spin fluctuation within the random phase approximation on the on-site Coulomb interaction to investigate K α and (1/T 1 T ) α for T > 50K. Based on the formulation in §II, we demonstrate following new results in §III. We find zerolines in the two-dimensional Brillouin zone, where the wave function is zero for the components of B or C site. They are bounded by the two Dirac points at ±k 0 . The zerolines passing through the M -or Y -points give rise to the absence of two Van Hove singularities for only the B-site. In the high temperature region for 100 < T < 300K, the present numerical results on T -dependences of K α , are consistent with the experimental results [25] [26] [27] , where existence (absence) of Van Hove singularities for α = A and C sites (α = B site) is essential. In the region for 50 < T < 100K, it is shown that K B is convex downward, (1/T 1 T K 2 ) B increases with decreasing T , and then the inequality ( 
C is reproduced, owing to the ferrimagnetic spin fluctuation related to the zerolines and enhanced by the on-site Coulomb interaction. These results are also consistent with those experimental results [25] [26] [27] . In §IV, summary and discussion are given.
II. FORMULATION
The model describing the two-dimensional electronic system in α-(BEDT-TTF) 2 I 3 is shown in Fig. 1 14,29,30 . The unit cell consists of four BEDT-TTF molecules on sites A, A ′ , B and C, where A is equivalent to A ′ so that inversion symmetry is preserved, while the sites A, B and C are inequivalent. There are six electrons for the four molecules in a unit cell, thus the bands are 3/4-filled. On the basis of the HOMO orbitals of these sites 4,5 , these electrons are described by a Hubbard model with the onsite Coulomb interaction U , where i, j denote indices of a given unit cell, and α, β(= A, A ′ , B and C) are indices of BEDT-TTF sites in the unit cell. In the first term, a † iασ denotes a creation operator with spin σ(=↑, ↓) and t iα;jβ is the transfer energy between the (i, α) site and the (j, β) site. Throughout the paper, and the lattice constant a are taken as unity. Hereafter, the energies are given in eV, and the temperature is also given by k B T in eV, i. e. 1eV =10
4 K, where k B is the Boltzmann factor.
The transfer energies at finite temperature T is estimated by the interpolation formula
2) The transfer energies t X (RT) and t X (LT) are given by the 1st principle calculation 14 
,
where
where low temperature LT = 0.0008 and we put room temperature RT = 0.03.
The Hamiltonian is diagonalized numerically for a given k in each spin subspace, according to
where ξ γσ are the eigenenergies ordered such that,
, 4 is the band index), and d αγσ (k) are the corresponding eigenvectors. The T -dependence of the chemical potential owing to the electron-hole asymmetry 18 is taken into account in the present calculation, although it has not been considered in 28.
The bare susceptibility on the site representation is given by
where the bare Green function on the site representation is defined by
with ǫ n = (2n + 1)πT and ω l = 2nπT are the Matsubara frequencies, and the form factor is defined by 
αβ (k, q)) and interband (F (2) αβ (k, q)) fluctuations. In the presence of spin symmetry, the longitudinal spin susceptibility,χ s , and the transverse spin susceptibility, χ ± , are given by
(2.11) withÛ = UÎ andÎ is the unit matrix. The knight shift K α (the local spin susceptibility) and the local NMR relaxation rate (1/T 1 ) α with A, A ′ , B and C sites are given by
A. Zeroline and density of states )). We find "zerolines" which are curved lines where absolute value of the wave function is zero, only for the components of B and C sites. The zerolines for both B and C sites are bounded by two Dirac points at ±k 0 in the Brillouin zone, where the wave functions are discontinuous. In the conduction band, the zeroline for B (C) site passes through the M -(Y -)point as shown in Fig 2(e) . In the valence band, on the contrary, the zeroline for B (C) site passes through the Y -(M -)point. The zeroline for B (C) site in conduction band coincides with the zeroline for C (B) site in valence band in the vicinity of the Dirac points. , while these are slightly different far from the Dirac points, since the conduction and valence bands are not equivalent in α-type organic conductors.
In Fig 3(a) , the conduction band and the valence band are shown The chemical potential with ω = 0 is situated on the Dirac points at T = 0, while it decreases with increasing temperature owing to the asymmetry of the conduction and valence bands. 18 The saddle points close to the Fermi energy are seen at the M -point and at Ypoint, respectively. The saddle points give rise to the Van Hove singularities ω = 0.012eV in the conduction band, and at ω = −0.026eV in the valence band. Such a singularity appears in the components of density of state at A and C sites as shown in Fig 3(b) , where the energy of the Dirac points is ω = 0. For the component of B site, however, these two Van Hove singularities disappear, since the zeroline for B site passes through the location of the saddle point.
B. Knight shift and NMR relaxation rate Figure 4 (a) shows temperature dependences of the Knight shift K α for α = A, B, and C sites with U = 0.12 and K 0 α with U = 0. The value of U = 0.12 is chosen so that the temperature dependences of K α in the present calculation reproduce those of experimental results for T > 50K. The Knight shift K 0 α (with U = 0) for T < 0.015 has been calculated in ref. 28 , which gives slightly different results due to ignoring the Tdependence of the chemical potential. In high temperature region (100 < T < 300K), With decreasing temperature, the Knight shift monotonously decreases for B-site while there is a maximum in the temperature dependence of the Knight shift for A and C sites. Such behavior is independent of U originates from the combined effect of the Van Hove singularity and the zerolines as discussed in Fig 3. In medium temperature region (50 < T < 100K), on the other hand, it is shown that the Knight shift is convex downward with decreasing temperature for B-site with U = 0.12, while the components for A and C sites exhibit linear T -dependences in this region. Such a effect of electron correlation originates from the ferrimagnetic spin fluctuation described later. 0 α with U = 0. It is clearly shown that the Korringa ratio for B site is strongly enhanced by U and increases with decreasing T , owing to the anomalous T -dependence of K B . The electron correlation effect results in the enhancement of the following inequality,
C. Ferrimagnetic fluctuation in spin susceptibility
We examine static spin susceptibility at low energy by choosing T = 0.02 and ω = 0. In Fig 5(a) , the momentum dependences of the diagonal components of the spin susceptibilities χ Fig 5(c) . The Knight shift is a sum of the diagonal and off-diagonal spin susceptibilities, where the former are dominant at high temperatures since the spin fluctuation exhibits local character. The latter become important with decreasing temperature, resulting in the anomalous T -dependence of K B which is convex downward at low temperatures.
The negative value of χ 0 BC at q = 0 originats from the form factor for the interband fluctuation, F BC (k, 0) is negative or zero for any k. It is not a self-evident result owing to the phase structure of the wave function as discussed later. The white curved lines in Fig. 6(b) correspond to the zeroline for B and C sites, where F BC (k, 0) ≤ 0, we investigate the phase structure of the wave function. Properties of wave functions in the vicinity of the Dirac points have been investigated by analying in terms of the Luttinger-Kohn representation 28 . The analysis of wave functions in the present paper, on the other hand, is based on the Bloch representation. Figure 7 shows numerical results of wave functions for B and C sites and for conduction and valence bands, 
where θ is the angle of the vector k 0 ′ − k 0 measured from k x -axis. The values of wave functions at θ = 0 are determined by θ B1 , θ C1 , θ B2 and θ C2 . The angle of the zeroline for B (C) site in the conduction band is θ BZ (θ CZ ), where |d B1 (θ)| = 0 (|d C1 (θ)| =0) as shown in the inset of Fig.  7 , while the zeroline for B (C) site in the valence band corresponds to θ CZ (θ BZ ). The arbitrary phases of the wave functions for each band and each momentum, θ 1 (θ) and θ 2 (θ), disappear in the form factor. Using above wave functions with the parameters given by the numerical calculation, we obtain F (2) BC (k 0 , 0) ≤ 0 at arbitrary θ.
If θ CZ = θ BZ +π (close to the present numerical result),
BC (k 0 , 0) ≤ 0 in the wide region of parameter, −π/2 ≤ θ 0 ≤ π/2. Thus the condition of F (2) BC (k 0 , 0) ≤ 0 is robust when the zerolines of B and C sites extend in opposite directions each other. When θ CZ = θ BZ , on the other hand,
We obtain F 
IV. SUMMARY AND DISCUSSION
In summary, we examined the wave function and the spin fluctuation in α-(BEDT-TTF) 2 I 3 , using a tightbinding model and the on-site Coulomb interaction treated within the random phase approximation. The effect of electron correlation on K α and (1/T 1 T ) α with A, A ′ , B and C sites for T > 50K was investigated paying attention to the inequivalence of these sites (A = A ′ = B = C).
We found that zerolines, where the wave function is zero for the components of B or C site. They give the vanishing of two Van Hove singularities near the energy of the Dirac points only for B-site component of DOS. Existence (absence) of the Van Hove singularities plays essential role for the T -dependences of K α . For the high temperature region of 100 < T < 300K, with decreasing T , K B decreases monotonously while K A and K C exhibit a maximum. In the region for 50 < T < 100K, K B is convex downward, and (1/T 1 T K 2 ) B increases leading to an inequality of the Korringa ratio, There remain problems to be clarified. In the low temperature region for T < 50, K α for all components are convex downward with decreasing T [25] [26] [27] , and (1/T 1 T ) α exhibits complex T -dependence for very low temperatures 27, 31 in the presence of magnetic field perpendicular to the conducting plane. Those behavior can not be explained within the random phase approximation on the on-site Coulomb interaction. It indicates an importance of a higher order correction such as self-energy correction with the long range Coulomb interaction, since at low temperatures, low energy phenomena in the vicinity of Dirac point is dominant and then scale of length is much longer than lattice constant. Finally, we note that the valley splitting owing to the pseudo-spin XY ferromagnetism in N = 0 Landau states 24 may also play significant roles at very low temperatures in the presence of magnetic field perpendicular to the conducting plane. 
